The clinical goal of spinal fusion is to reduce motion and the associated pain. Therefore, measuring motion under loading is critical. The purpose of this study was to validate four-point bending as a means to mechanically evaluate simulated fusions in dog and rabbit spines. We hypothesized that this method would be more sensitive than manual palpation and would be able to distinguish unilateral vs bilateral fusion. Spines from four mixed breed dogs and four New Zealand white rabbits were used to simulate posterolateral fusion with polymethyl methacrylate as the fusion mass. We performed manual palpation and nondestructive mechanical testing in four-point bending in four planes of motion: flexion, extension, and right and left bending. This testing protocol was used for each specimen in three fusion modes: intact, unilateral, and bilateral fusion. Under manual palpation, all intact spines were rated as not fused, and all unilateral and bilateral simulated fusions were rated as fused. In four-point bending, dog spines were significantly stiffer after unilateral fusion compared with intact in all directions. Additionally, rabbit spines were stiffer in flexion and left bending after unilateral fusion. All specimens exhibited significant differences between intact and bilateral fusion except the rabbit in extension. For unilateral vs bilateral fusion, significant differences were present for right bending in the dog model and for flexion in the rabbit. Unilateral fusion can provide enough stability to constitute a fused grade by manual palpation but may not provide structural stiffness comparable to bilateral fusion.
Introduction
Lower back pain affects 65 million people in the USA. Surgical treatment results in 150,000-300,000 lumbar spinal fusions annually [1] , of which a substantial number are treated by posterolateral intertransverse process fusion with iliac crest autograft. The use of this surgery, originally for severe scoliosis, spinal tuberculosis, and fractures, has expanded to a range of disorders, including spondylosis, disk derangement, and spinal stenosis [2] . The clinical goal of posterolateral fusion is to eliminate motion and to ultimately reduce pain of the involved spinal segment.
While successful fusion can reduce pain for the patient, a nonunion (pseudoarthrosis) may result in serious morbidity over time [3] . Despite the extensive experience with this surgery, the frequency of pseudoarthrosis has been found to be as high as 10-40% [4] [5] [6] . Pseudoarthrosis can be asymptomatic but more frequently results in a significant decrease in quality of life and morbidity leading to complicated revision surgeries [7, 8] . The link between solid fusion and pain relief, however, is not well characterized. This lack of understanding of the fundamental goals of this surgery should result in a more critical view of its use. In turn, research efforts should be directed toward a closer examination of these interactions.
Fusion is a multifactorial process with many contributing variables. As these variables are coupled clinically, animal models are a tool to focus on specific contributing factors. In addition, animal models can be assessed using destructive methods not available clinically, such as mechanical testing and histology. Rat, rabbit, dog, and sheep spines have been used to represent human spinal fusion [9] [10] [11] [12] [13] [14] [15] . While each has its advantages, many animal models have a 100% fusion rate unless specific steps are taken to reduce the fusion mass [15] to simulate clinical fusion rates of 60-90% [4] [5] [6] . The New Zealand white rabbit posterolateral fusion model produces clinically relevant fusion rates of 66% [14] . Different graft materials, including autograft, allograft, and synthetic biomaterials, have been evaluated in this model, as well as growth factor and gene therapy treatment intended to enhance healing [16] [17] [18] [19] .
Clinical assessments of spinal fusion include noninvasive imaging [3] . In animal models, imaging techniques overestimate the rate of fusion compared to manual palpation [20] . Manual palpation and mechanical testing can directly measure the motion and stiffness of the spine to determine fusion success. However, manual palpation only provides a qualitative measure, whereas mechanical testing allows quantification of fusion stiffness and can better reproduce the loading experienced in vivo. When considering different testing approaches, an ideal mechanical testing method should be simple to implement, sensitive to the measure of interest, and reproducible. An additional consideration in spine testing is the ability to distinguish between unilateral and bilateral fusion.
The purpose of our study was to validate four-point bending as a means to mechanically assess intact and unilateral and bilateral simulated fusions in dog and rabbit spines. Manual palpation and multidirectional mechanical testing were directly compared. We hypothesized that this method would be more sensitive than manual palpation and would be able to distinguish unilateral vs bilateral fusion.
Materials and methods
Spines from four mixed breed dogs and four New Zealand white rabbits were used to simulate posterolateral spine fusion. The dog model was chosen based on the availability of specimens and previous studies evaluating the mechanics of spinal fusion using four-point bending [21] . The rabbit model was chosen based on extensive experience and development of this animal as a model for posterolateral fusion [14] . Polymethyl methacrylate (PMMA) was used to represent the fusion mass. PMMA has been used previously in cadaveric spines to simulate fusion [22] . Three conditions, intact, unilateral fusion, and bilateral fusion, were modeled sequentially within each specimen, allowing for within-subject comparisons. Each specimen went through a repeated testing protocol for each condition: manual palpation, fusion, and mechanical testing.
Specimens were prepared for mechanical testing of the L5-L6 motion segment, which is comparable to the L4-L5 segment in humans because of the extra lumbar vertebrae in the rabbit. The intact spines were dissected of all surrounding muscle and soft tissue, leaving only the joint capsule and ligaments intact. The specimens were wrapped in saline-soaked gauze and stored in double plastic bags at j20-C until testing. Before testing, the L4-L7 segment of each specimen was potted with PMMA in aluminum tubing, leaving only the adjoining halves of L5 and L6 exposed. The transverse processes of the rabbit extend across the adjacent vertebrae and would interfere with motion across the L5-L6 segment. Therefore, the transverse processes were reduced to expose L5-L6 and not constrain motion of the isolated segment.
Prior to mechanical testing, the spines were randomized and manually palpated by a veterinary surgeon familiar with this technique [14] . Each spine was graded as either fused or not fused. The evaluator was presented with mixed batches that included intact and simulated fusions to reduce potential observer bias and was blind to fusion status.
The intact spines were then tested nondestructively in a biaxial servohydraulic test machine (MiniBionix 858, MTS Systems Corporation, Eden Prairie, MN) in four-point bending in all planes of motion: flexion, extension, and right and left bending (Fig. 1) . Custom fixtures were designed with an exterior support span of 95.2 mm with the interior span offset by 19.0 mm on each side. The order of the testing modes was randomized for each specimen and direction. The spines were loaded with five load-unload cycles to 50 N at 5-N/s rate corresponding to a moment of 1.43 N m. These values were based on preliminary testing to ensure a nondestructive load level. The first four cycles were used to precondition the sample, and data were analyzed from the fifth and final cycle. Pilot tests showed that three cycles were sufficient for preconditioning the data, and further cycles were nearly identical (Fig. 2) . Load-displacement data from the fifth loading cycle and the test geometry were used to calculate bending stiffness (EI, N m 2 ) [23] . After intact testing, the spines were fused with 2 cm 3 of PMMA [14] . Unilateral fusions were randomly assigned to left or right sides. PMMA (COE Tray Plastic Fast Set, GC America Inc., Chicago, IL) was applied to the posterolateral side of L5 and L6 to simulate a fusion mass. The PMMA was allowed to harden for 30 min before testing by manual palpation. After the PMMA hardened, the same testing method was repeated: spines were manually palpated followed by nondestructive testing. The fusion process was repeated on the opposite side to form a bilateral fusion, and the procedure was repeated once again. The identical protocol was used for both dogs and rabbits. A repeated-measures analysis of variance was performed to determine if loading direction, fusion, and species had a significant effect on stiffness (Systat 8.0, SPSS Inc.). Contrast tests were performed to test for differences between degrees of fusion. The type I error rate a was set at 0.05.
Results
Under manual palpation, all intact spines, dog and rabbit, were graded as not fused, whereas all unilateral and bilateral simulated fusions were graded as fused. Thus, manual palpation was successful in determining fusion vs intact but was not sensitive to differences between unilateral and bilateral fusion. Dog spines were significantly stiffer in four-point bending after unilateral fusion compared to intact in all directions ( p<0.05; Fig. 3A) . Additionally, rabbit spines were stiffer in flexion and left bending after unilateral fusion (p<0.05; Fig. 3B ). All specimens exhibited significant differences between intact and bilateral fusion except the rabbit specimens in extension. For unilateral vs bilateral fusion, significant differences were present for right bending in the dog model (p = 0.02) and for flexion in the rabbit (p = 0.01).
These significant increases in stiffness were large in the simulated bilateral fusion group compared to the intact spines (Table 1 ). In the rabbit, the bilateral fusion group exhibited a 5.5-fold increase in flexion, 2-fold in right bending, and 4-fold in left bending over intact values. In the dog spines, these differences were magnified: bilateral fusion was about 8-fold stiffer in flexion, 6-fold in extension, 8.5-fold in right bending, and 6.5-fold in left bending when compared to intact.
When comparing the two species, the intact stiffness values were similar despite the differences in animal size. The effect of fusion was significantly different between the dog and the rabbit. The canine model exaggerated the increase in stiffness between intact and unilateral fusion.
Testing was confirmed to be nondestructive in all cases except during the final loading cycle of one unilateral fused dog specimen. This damage was confirmed by visual inspection of a small fracture in the PMMA and evaluation Values are means T standard deviation as percentages. a Significant differences in bending stiffness between degrees of fusion. of load-displacement data. Testing was continued for the two remaining directions (flexion and right bending) and bilaterally fused. To prevent exclusion of this whole specimen from the repeated-measures design, values were imputed for the two directions with compromised data [24] . The two imputed values were calculated based on a linear regression of the stiffness data from the other dog specimens for flexion vs extension and left bending vs right bending. Stiffness data were also collected for the damaged left bending direction by using the cycle prior to failure, which was identical to the previous preconditioning cycle.
Discussion
The primary goals of this study were to develop a measurement approach for assessing experimental spinal fusion, establish sensitivity of the measurement to simulated fusion, and compare with manual palpation. Mechanical testing by four-point bending detected significant differences between intact and bilateral simulated fusion in all loading directions and species except for rabbit in extension. Even in our small sample, four-point bending was able to distinguish differences between unilateral and bilateral fusion in right bending in the dog and in flexion in the rabbit. Manual palpation distinguished between fused and unfused spines; however, palpation was unable to detect the extent of this fusion (unilateral vs bilateral). Flexion bending stiffness was 100% sensitive and 100% specific for fusion in both species as assessed by manual palpation; bending stiffness values for specimens graded as fused did not overlap with unfused values. Bending stiffness, as measured in our mechanical tests, is a continuous variable that includes all information given by manual palpation but adds quantitative information about more subtle degrees of fusion. Experimental animal studies of spine fusion may benefit by assessing stiffness with four-point bending. This study confirms that unilateral fusion can provide enough stability to constitute a fused grade by manual palpation, but unilateral fusion may not provide structural stiffness comparable to bilateral fusion. For example, bilateral simulated fusion was 1.7 times stiffer than unilateral in the rabbit spine in flexion.
This study explored the correlation between degree of fusion and stiffness in two different species (dog and rabbit). As a model for spinal fusion, the rabbit model replicates the human surgical technique and produces a clinically comparable nonunion rate of 33% [14] . The dog, however, is not an ideal posterolateral fusion model as nonunions are rare [21] . Despite anatomical differences, the range of motion of the intact rabbit lumbar spine has previously been demonstrated to be comparable to that of humans [25] . We have now demonstrated with the same nondestructive load that the bending stiffness of the intact dog spine is comparable to the rabbit, although the fusion effects were different in the two species.
Clinically, surgeons rely on radiographic evaluation, physical exam, and surgical exploration to determine fusion. However, radiographs are not able to always correctly predict fusion. A 69% agreement was found between radiographic assessment and surgical outcome [26, 27] . Manual palpation can detect fusion in animal studies, but to what degree is unknown. Posterolateral fusion techniques may not always result in a solid bilateral fusion mass. At times, a solid fusion may only be achieved on one side (unilateral); however, the spinal segment will often still be graded as fused by manual palpation and X-ray. Therefore, mechanical testing protocols are a necessity to obtain quantitative assessment of stiffness to determine fusion. Differences in right and left bending could also result following unilateral fusion, allowing fusion location to be detected with mechanical testing. A larger sample size is needed to address this question.
Several loading modes have been used to evaluate fusion including tension [28, 29] , pure moment flexibility testing [25, 30] , and three- [31] [32] [33] and four-point bending [21, 34] . One consideration in choosing a loading mode is the ability to represent in vivo loading conditions experienced by the spine. Tensile testing has been used to examine fusion mass failure strength and could be incorporated with our nondestructive testing protocol in the future. However, only a single direction of loading is possible. Flexibility testing has been widely applied to the rabbit lumbar spine. This test produces a constant moment across the fused segment of interest and can be applied in multiple loading directions. However, this method evaluates multiple motion segments using optoelectronic markers that can result in variability and difficulty in measuring small degrees of motion. Three-point bending applies a point load directly to the intervertebral disc on the ventral surface, potentially causing damage at the loading point and indenting the disc, producing artificially high displacements and low stiffnesses. Applying loads in multiple directions is difficult with this configuration. The applied moment decreases linearly from the point of load application, inducing shear across the loaded segment. In contrast, four-point bending generates a constant moment and can be applied to all four in vivo loading directions. The symmetric boundary conditions apply a constant maximum moment between the two interior loading points.
Our experimental design has several limitations. Theoretically, pure bending is present along the entire loaded segment in four-point bending. However, shear forces may have been present because our specimen dimensions did not comply with the ASTM standard for bending tests of manmade materials, which requires a support span-todepth ratio of 16:1 [35] . Another limitation is the use of PMMA to simulate fusion, which resulted in a rating of 100% fusion by manual palpation. Animal studies using graft materials typically have more variable fusion ratings by manual palpation [14] . Compared to a fully fused spine, PMMA is less stiff than bone. The Young's modulus for PMMA is about 3 GPa, whereas human cortical bone is 18 GPa [36, 37] . Therefore, using PMMA should give conservative values for stiffness, possibly comparable to the fusion mass formed in vivo. The reduction of the trans-verse processes performed here is not typically performed in vivo in the rabbit fusion surgical model; however, this procedure more closely models the human surgical technique, whereby the processes are often removed and used for graft material. Despite these simplifications, this cadaver model removes many unknowns, allowing for a more direct understanding of the mechanics involved in spinal fusion.
The ultimate clinical goal of posterolateral fusion is to increase stiffness and decrease motion to reduce pain. While the correlation between decreased pain and stiffness is debated, the need for an assessment of fusion is imperative. We validated four-point bending as a quantitative approach to evaluate fusion. The bending stiffness depended on the extent of fusion, a question generally not addressed in mechanical testing studies. Unilateral and bilateral fusions both had firm manipulation so that the examiner could not detect the difference, but the four-point bending test was able to distinguish the two conditions. This finding has important implications for studies employing side-by-side comparisons of two fusion materials [38] . In such bilateral fusion studies, the enhancement of a single side by one material may impact conclusions for the material used on the other side when based on manipulation alone. The added sensitivity of four-point bending in preclinical spinal testing is important when comparing treatment groups during healing to better understand the load-bearing function of spinal fusion.
